Abstract-A D-dot voltage probe was designed and tested on a megajoule class flux compression generator (FCG) to measure the voltage on the generator load. Design calculations will be shown, along with experimental data taken from laboratory prototype testing as well as the explosive FCG experiment.
I. INTRODUCTION
Many flux compression generators (FCG) [2] are operated into a load where it is desirable to know the voltage. The locations to place a probe are typically difficult to access, and perturbations need to be minimized. It is therefore desirable to have a small, protected probe to measure the voltage. This can be achieved with a simple capacitively coupled probe, a D-dot. The sensitivity can be made high using a high impedance termination for the probe. The bandwidth limitations for high impedance transducers lower the speed compared to typical, 50 Ohm terminated probes, but for the time scales of concern for a FCG, it is sufficient. This paper will describe such a probe, and discuss some of the details in the design, calibration and testing. The probe was fielded on a megajoule class, helical FCG [3] , and those data are presented and discussed.
II. D-DOT DESCRIPTION
The D-dot probe is constructed from a 6 cm length of RG401 semi-rigid coaxial cable. The inner wire is radiused at the tip to reduce E-field stress, and the outer shield is removed to a distance of 0.2 cm. The probe is terminated with a SMA connector and secured with a compression fitting to the anode. The hole in the anode is radiused, and the tip of the probe is located 1 mm below the anode surface and is potted in place with polyurethane. The probe is inserted in the powerflow region between the generator and load, which had an insulator made of polyethylene, and is 0.4 cm thick underneath the probe, Figure 1 . The probe is connected to a DC-coupled fiber optic link from PPM Test [4] , which provides isolation from ground and preventing possible ground loops [5] . The connecting cable was a 122 cm length of DS416 coaxial cable.
The circuit diagram for the diagnostic is as shown in Figure  2 . In this circuit the fiber link is represented by the equivalent input resistance and capacitance, and a block amplifier gain. Between the connecting cable and fiber link is an R-C integrator, used to attenuate possible high frequency voltage spikes from a fault condition. The value of the integrator capacitance is chosen to reduce the expected signal to match the voltage range of the PPM fiber link. The bandwidth of the circuit is limited by the PPM bandwidth, 40 MHz. If the pulse length of the cable is short in comparison to voltage signal transients (~< 65 ns for this circuit), the cable can be treated as the equivalent capacitance, = / . The bandwidth of the fiber link can also filter out the high frequency reflections and improve the response. If there was no integrator in the circuit, the time response could be improved with a = 50 Ω series snubber resistor at the end of the coax cable. 
III. NOISE TEST
The PPM electronics were tested in a similar EMI environment to that produced by the FCG in operation. The magnetic field and its derivative at the location of the electronics were estimated using an approximate 2D model of the FCG. These fields were replicated experimentally using a capacitor bank of 1.4 mF switched into a 9 µH inductor. The magnetic field generated by the inductor was estimated using the Maxwell EM code [6] , and the electronics placed in the location that would meet or exceed the expected magnetic field during the experiment. The approximate geometry of the probe was constructed by embedding the probe in a 25 mm diameter aluminum puck, machined with identical dimensions of the hole used in the FCG and installed in the same manner. The puck, with epoxied D-dot, was spaced off from the high voltage feed plate of the inductor with a 75 mm diameter, 5 mm thick plastic insulator, Figure 3 .
The coupling capacitance of the probe to the voltage feed was very close to that of the FCG experiment. The resulting voltage measured by the D-dot probe, with integral correction, is compared to a resistive Northstar [7] voltage probe, Figure 4 .
The rise-time of the probe was also checked against the Northstar probe, using a fast spark switch into a low inductance resistive load. Both probes used a PPM fiber link and had a risetime of 35 ns, limited by the bandwidth of the link, which was 10 MHz for these tests. 
IV. FLUX COMPRESSION GENERATOR DATA
The D-dot probe was fielded on a helical flux compression generator. In this test, the FCG had an inductive load that was designed to be static, so that the generator operation could be studied. A model of the generator and load, midway through the flux compression, is shown in Figure 5 . The shot was fielded with four B-dot probes and 2 Faraday loops, all of which are well developed diagnostics and reported the current with 2% agreement between all the probes during the generator operation [3] . Three D-dot probes were spaced azimuthally at the power-flow region, between the generator and load. The FCG current is shown in Figure 6 . A scaled signal from one of the D-dot probes is shown in Figure 7 . The probes actually measure the cathode voltage; however, the signals have been inverted for clarity in this paper. This plot has the integral and derivative terms separated, one can see that they are small corrections to the capacitive divider term. The averaged D-dot data is compared to the voltage calculated from d/dt(L*I)+I*R, the modeled load impedance (discussed in section VI.) and the current measured by the B-dot probes, Figure 8 . There is very good agreement until t ~ 157µs, which is the time when the helical field coil compression is over. The calibrated data from the three probes had a 13% spread, which was used to generate the ±5% error bars in Figure 8 , which we believe was due to the calibration issue discussed in the next section.
V. CALIBRATION
The D-dot probes were installed and calibrated before the load was connected to the generator. This was done using a coaxial feed calibration fixture that attached to the powerflow and load structure. A dielectric spacer was used at the end of the load to open the circuit. A calibration insulator was used in the powerflow region that was not the insulator used in the assembly of the powerflow to the generator for the shot. This insulator was built to the same specifications and material as the shot insulator, however it is believed that the installation of a different insulator introduced calibration errors that resulted in shot data variance.
A network analyzer, Agilent e5061B, with high input impedance was used to calibrate the probes with shot cables attached. Circuit simulations of the calibration fixture was done to assure that the voltage was not significantly altered between the calibration input and the D-dot probe location at the calibration frequencies. The PPM units were calibrated separately using a series resistor to form a voltage divider, to get the values of and . The integrators were also calibrated to get the values for and .
Typical values from the calibrations and measurements are labeled in the circuit diagram of Figure 2 . The measurements should be done with high precision, as each 1pF error in capacitance measurement results in 0.7% error in calibration.
VI. MODELING
The coupling capacitance of the probe to the cathode was estimated using a 2D electrostatic code, ANSYS Maxwell. The model geometry is shown in Figure 9 . The calculated coupling capacitance was 23.7 fF, within 3% of the average in-situ calibration. This type of calculation can be done to help determine the size and placement of a probe for the desired signal level.
Although the FCG load was designed to be a static inductor, there is some variation due to magnetic field diffusion into the aluminum walls as the pulse progresses, as well as × forces and heating effects.
The magnetic diffusion into the load walls was modeled using the 3D ANSYS Maxwell transient code. The wedge model of the load was injected with the measured current from the experiment to calculate the L(t) and R(t) of the load, Figure 10 . The contribution due to these terms adds about 5% to the voltage.
A hydrodynamic code, ALE3D, was used to model the effect of magnetic pressure, which will move the conductors apart, increasing the inductance of the load. This inductance increase occurs late in the voltage pulse (Figure 10 ) and is a ~200 V addition to load voltage. Also calculated were the effects of temperature due to ohmic heating, which will also increase the impedance of the load, however this was a negligible amount: ~3 µΩ, or ~25 V.
The ALE3D code also calculated the electric field directly, and subsequently the voltage measured by the D-dot by taking the ∫ • across the powerflow channel at the D-dot location. The result was an independent verification of the calculated voltage curve in Figure 8 .
Another factor which affects the probe calibration is the hydrodynamic expansion of the powerflow channel. Since the probe is recessed in the channel, and does not move while the channel expands, the probe tip becomes less shielded by the anode, and the coupling capacitance increases. There is consequently an apparent increase in voltage which needs to be corrected. However, the ALE3D model of the expansion indicates that the correction is zero until 160 µs, increasing approximately linearly to ~2% at 170 µs. This diagnostic, with an appropriate high impedance digitizer, can output relatively large signals for small coupling capacitance. Careful calibration and noise considerations are important for good measurement. The voltage data from this type of probe, combined with accurate current measurements, can give valuable information on power and energy at the D-dot location.
